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Changes in left ventricular diastolic filling during 
the development of left ventricular hypertrophy: 
Observations using Doppler echocardiography in 
a unique canine model 
To examine changes in diastolic left ventricular filling during the development of left ventricular 
hypertrophy, serial pulsed Doppler echocardiographic studies were performed in a canine model 
of left ventricular hypertrophy induced by neurogenic pressor episodes. This model is unique 
since left ventricular hypertrophy develops without sustained hypertension. The neurogenic 
pressor episodes produced progressive increases in left ventricular mass of 17% by 3 weeks 
(p < 0.03) and of 23% by g weeks (p < 0.001). During the course of hypertrophy development, 
there were no changes in resting heart rate, blood pressure, left ventricular volumes or ejection 
fraction, or end-systolic wall stress. However, peak early filling (peak E) velocity decreased from 
65 + 5 cm/set to 53 + 4 cm/set by 3 weeks (p < 0.05) and remained depressed at g weeks. In 
addition, peak E/A (the ratio of early to late peak filling) decreased by 3 weeks (p < 0.01) and 
the contribution of atrial filling to total left ventricular diastolic filling increased by g weeks 
(p < 0.005). There were significant correlations between the changes in left ventricular mass and 
the change in peak E velocity at 3 weeks (r = -0.92, p < 0.001) but not at g weeks. These data 
indicate that left ventricular filling abnormalities occur early in the course of the development of 
left ventricular hypertrophy, are not a result of loading alterations related to sustained 
hypertension, and do not change significantly following increasing stages of hypertrophy. (AM 
HEART J 1991;121:1759.) 
Andrew J. Buda, MD, Ying Li, MD, David Brant, MS, Lisa C. Krause, MS, 
and Stevo Julius, MD, ScD. Ann Arbor, Mich. 
Left ventricular hypertrophy is known to alter pas- 
sive pressure-volume characteristics and reduce 
compliance.’ These changes ultimately should affect 
left ventricular diastolic filling, but few studies have 
specifically examined this issue during the develop- 
ment of left ventricular hypertrophy. In this regard, 
Doppler echocardiography has provided a relatively 
simple method to examine alterations in left ventric- 
ular filling dynamics that may occur in the course of 
developing hypertrophy. With the use of Doppler 
echocardiography, a number of studies have exam- 
ined left ventricular filling characteristics in patients 
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with hypertension, with and without concomitant 
left ventricular hypertrophy,2-6 and abnormalities in 
diastolic left ventricular filling have been observed in 
the absence of systolic dysfunction. However, the 
time course of left ventricular filling abnormalities in 
hypertrophic disease remains uncertain. Several 
investigators 2, 4 have argued that changes in left ven- 
tricular diastolic filling occur early in the hyper- 
trophic process, since patients with mild hyperten- 
sion but without left ventricular hypertrophy have 
abnormalities of diastolic filling. Moreover, others7v 8 
have suggested that these diastolic filling abnormal- 
ities are relatively fixed since often they fail to nor- 
malize despite regression of hypertrophy in patients 
during antihypertensive therapy. However, these 
studies examining diastolic filling are fundamentally 
limited, since loading conditions are also altered in 
the hypertensive hypertrophic patient. Since these 
loading alterations may affect left ventricular filling 
independent of the hypertrophic process,g the effect 
of left ventricular hypertrophy without concomitant 
loading has not been thoroughly examined. 
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Recently, welo developed a canine model of left 
ventricular hypertrophy using neurogenic pressor 
episodes. This model is unique since left. ventricular 
hypertrophy develops without sustained hyperten- 
sion. As a result, this model provided us the oppor- 
tunity to examine serial changes in left ventricular 
diastolic filling using Doppler echocardiography dur- 
ing the development of left ventricular hypertrophy 
without the confounding changes produced by load- 
ing alterations. Our observations indicate that dias- 
tolic filling abnormalities occur early following the 
development of left ventricular hypertrophy and do 
not change significantly following increasing stages of 
hypertrophy. 
METHODS 
Our experimental procedures complied with guidelines 
of the University of Michigan Committee on the Use and 
Care of Animals. The University of Michigan is accredited 
by the American Association of Accreditation of Labora- 
tory Animal Care and animal care and use conforms to the 
standards in The Guide for the Care and Use of Labora- 
tory Animals, Department of Health, Education, and 
Welfare, Publication No. NIH 78-23, revised 1978. 
Experimental model. The experimental model that we 
used has recently been reported in detail.lO In brief, eight 
adult mongrel dogs were instrumented with a subcutane- 
ous port (VAP Norfolk Medical Products, Inc., Skokie, Ill.) 
connected to the infrarenal abdominal aorta for monitor- 
ing of intraarterial blood pressure. The pressures were 
measured with a Hewlett-Packard 129OC strain gauge ma- 
nometer (Hewlett-Packard Co., Medical Products Group, 
Andover, Mass.) connected to an 8805D signal conditioner, 
stored on magnetic tape, and later analyzed by a signal 
analysis data acquisition system sampling the arterial 
pulse wave form at 250 samples per second (Po-Ne-Nah, 
Inc., Storrs, Conn.). The acquisition system archived sys- 
tolic pressure, diastolic pressure, mean pressure, and heart 
rate averages for every minute. These l-minute values were 
then averaged every 10 minutes to obtain an average period 
value. 
The animals were then trained for 3 weeks to rest in a 
sling and for another week to adjust to the compression suit 
(Jobst Institute, Toledo, Ohio). The suit encompassed the 
hind limb and the gluteal region, but spared the abdomen. 
The eight trained animals were then brought to the labo- 
ratory every day to undergo 30 mm Hg suit compression for 
a 3-hour schedule in the morning and another 3 hours in the 
afternoon. The daily 6-hour compression schedules were 
maintained over 9 weeks. The average increase of the mean 
arterial pressure during these compression episodes was 21 
mm Hg for the first 3 weeks, 23 mm Hg for the second 
3-week period, and 21 mm Hg for the last 3-week inter- 
val. Throughout this time, the blood pressure consistently 
fell to the baseline value immediately after decom- 
pression.‘O 
sional echocardiographic and Doppler examinations (Mod- 
el MK600, Advanced Technology Laboratories, Bellevue, 
Wash.) were performed before the initiation of the com- 
pression, and at the end of the third and ninth week of 
compression. In all instances, the examinations were per- 
formed in the basal state without the inflation of the com- 
pression suit. The animals were studied on their right side 
on an examination table that had a section removed to 
provide a window for transducer placement. The trans- 
ducer was positioned from below, at the point of maximal 
cardiac impulse. Short-axis images were obtained at the 
mid-papillary muscle and mitral valve levels of the left 
ventricle. Long-axis images were obtained with the trans- 
ducer rotated until the longest length was visualized. 
Pulsed Doppler examination of the left ventricular inflow 
was performed with a 3.0 MHz transducer. With the use of 
the apical four-chamber view, the Doppler sample volume 
(3 mm size) was placed in the mitral valve funnel just on 
the left ventricular side of the mitral anulus. The sample 
volume position was then adjusted so as to position the ul- 
trasound beam as parallel to left ventricular inflow as pos- 
sible. The peak velocities during rapid ventricular filling 
and during atria1 contraction were recorded for at least five 
cardiac cycles at a paper speed of 50 or 100 mm/set for fur- 
ther analysis. 
Two-dimensional echocardiographic analysis was per- 
formed with the use of a Diasonics microcomputer-based 
digitizing system (Diasonics Inc., Milpitas, Calif.) that has 
been previously validated in our laboratory.‘l End-dias- 
tolic frames were selected for analysis with the use of the 
R wave in lead 2 as a marker of end diastole. Endocardial 
and epicardial borders of the cross-sectional view at the 
midpapillary and mitral valve levels were carefully traced 
directly from the video display onto a digitizing tablet for 
three consecutive beats during normal sinus rhythm. Left 
ventricular length was determined by a measurement of the 
length from apex to the mitral valve using a long-axis view. 
Volumes were determined by Simpson’s rule and mass was 
calculated by subtracting epicardial volumes from en- 
docardial volumes and multiplying the result by the 
specific gravity of myocardial muscle.12 The accuracy of our 
echocardiographic measurement of left ventricular mass 
was previously reported in this animal model by anatomic 
validation.lO In that study, postmortem left ventricular 
weight correlated extremely well with echocardiographic 
mass obtained just before putting the animals to death 
(r = 0.93, y = 21.2 + 1.2x). The average wall thickness was 
obtained as the mean end-diastolic wall thickness over 
22.5degree radial intervals in the midpapillary short-axis 
view. The relative wall thickness was calculated as: average 
wall thickness/left ventricular end-diastolic dimension. An 
index of end-systolic meridional wall stress was calculated 
by the formula: (0.334 P X LVID/PWT [l+PWT/LVID]), 
where P = systolic blood pressure, PWT = posterior wall 
thickness, and LVID = left ventricular internal diameter.‘” 
The blood pressures used were resting blood pressures ob- 
tained prior to compression via the chronically instru- 
Echocardiographic and Doppler studies. Two-dimen- mented subcutaneous port connected to the infrarenal ab- 
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Fig. 1. The velocity-time integrals for the early diastolic filling period (VT1 E) and the atria1 diastolic 
filling period (VTI A) at baseline, at 3 weeks, and at 9 weeks. 
dominal aorta. A blood pressure measurement was made by 
inserting a needle into the port using sterile techniques. 
All Doppler measurements were made using a computer 
interfaced digitizing tablet and Doppler analysis program 
(Freeland Medical Systems, Indianapolis, Ind.). The aver- 
age of at least three consecutive cardiac cycles was taken 
and Doppler waveforms were traced through the modal 
velocities. The peak early diastolic velocity (peak E) and 
peak velocity during atria1 contraction (peak A) were mea- 
sured. The velocity-time integral for the early diastolic 
filling period (VT1 E) and the atria1 diastolic filling period 
(VT1 A) were derived by digitizing the contour of the 
darkest portion of the curve (Fig. 1). Also, the ratio of the 
early to late peak filling (peak E/A) and velocity-time in- 
tegrals (VT1 E/A) were derived. When atria1 contraction 
occurred before the mitral deceleration slope had de- 
creased to the zero baseline, the slope was linearly extra- 
polated to the baseline for measurement of the velocity 
time integral. In addition, the following Doppler parame- 
ters were calculated: the total velocity-time integral (VT1 
total); the ratio of VT1 A to VT1 total (which represents the 
relative contribution of atria1 contraction to total filling); 
and the ratio of VT1 E to VT1 total (which represents the 
contribution of early filling to total filling). The following 
parameters of diastolic function were also calculated by 
means of the mitral inflow Doppler velocities: (1) Peak 
filling rate (in milliliters per second) was determined as the 
product of the peak early diastolic velocity and the cross- 
sectional area of the mitral anulus. (2) Normalized peak 
filling rate (measured in see-l) was determined as peak 
filling rate divided by the left ventricular end-diastolic 
volume. (3) Atria1 filling rate was determined as the prod- 
uct of the peak atria1 velocity and the cross-sectional area 
of the mitral anulus. 
The beat-to-beat variation coefficients for selected Dop- 
pler diastolic measurements have been reported previously 
from our institutioni4: total velocity-time integral, 2.4 % ; 
late diastolic velocity-time integral, 3.8% ; and peak late 
velocity, 4.2%. Also, the interobserver variability for se- 
lected Doppler measurements has been reported: total ve- 
locity-time integral, 2.8 % ; late diastolic velocity-time in- 
tegral, 3.8% ; peak late diastolic velocity, 2.1% . 
Statistical analysis. All data are reported as mean ? 
standard error. One-way analysis of variance was used to 
examine changes over time applying Bonferroni’s correc- 
tion to determine significant differences for repeated 
measures. Linear regression was used to determine corre- 
lations between left ventricular structural indexes and 
Doppler filling parameters. The probability (p) was con- 
sidered to be statistically significant when p was less than 
0.05. 
RESULTS 
There were no changes in baseline heart rate or 
systolic and diastolic blood pressure at 3 weeks or 9 
weeks of study (Table I). The left ventricular struc- 
tural and functional indexes are summarized in Ta- 
ble II. By 3 weeks, left ventricular mass had increased 
by 17 % (p < 0.03) and by 9 weeks it had increased by 
23% (p < 0.001). The average wall thickness in- 
creased by 1 mm at 3 weeks (p < 0.05) and by 1.5 mm 
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Table I. Hemodynamic measurements 
Baseline Week 3 Week 9 
Heart rate 90 i 6 95 * 5 90 k 6 
(beats/min) 
MAP (mm Hg) 119 t 3 122 -t 6 123 rt_ 8 
MAP, Mean arterial pressure. 




LVEF (‘<, ) 
End-systolic 
LV wall stress 
(dynes/cm3) 
Baseline Week 3 Week 9 
LV mass 
44 t 3 
(gm) 
46 k 4 
78 * 9 
48 + 4 
91 ?z 7* 
13 * 1 
96 t 7t 
AVE wall 
13 i 1 
thickness 
14 t 1 
0.9 -t 0.8 1.0 + 0.7* 
70 + 2 
1.1 Ilz 0.8’ 
(cm) 
72 t 1 
REL wall 
72 i 2 
thickness 0.51 ? 0.04 
186 * 13 
0.57 + 0.05 
184 * 14 
0.60 + 0.04 
176 t 12 
-- 
AVE. Average; LV, left ventricular; LVEDV, left ventricular end-diastolic 5.6 +- 0.4 cm at 3 weeks (p < 0.01) and remained 
volume; LVEF, left ventricular ejection fraction; LVESV, left ventricular markedly reduced at 9 weeks (5.1 +- 0.5 cm, 
end-systolic volume; REL, relative. 
*p < 0.05 versus baseline. 
p < 0.003). The A wave velocity-time integral de- 
tp < 0.001 versus baseline. creased slightly but did not change significantly 
throughout the 9 weeks of study. Furthermore, the 
Table Ill. Peak mitral valve flow velocities 
-_ 
Baseline Week 3 Week 9 
Peak E 65 + 5 53 i 4* 49 i 41 
(cm/set) 
Peak A 37 + 2 34 i 2 32 i_ 2* 
(cm/set) 
Peak E/A ratio 1.70 + 0.10 1.60 i 0.09t 1.53 i 0.04* 
Peak E, Peak early filling velocity: Peak .4, peak late filling velocity. 
*p < 0.05 versus baseline. 
tp < 0.01 versus baseline. 
hJ < 0.005 versus baseline. 
There were also similar changes in velocity-time 
integrals, as outlined in Table IV and Fig. 1. The to- 
tal diastolic velocity-time integral decreased signifi- 
cantly at 3 weeks, from 9.4 * 0.7 cm to 8.1 ~fi 0.4 cm, 
but did not reach statistical significance. By 9 weeks, 
total diastolic velocity-time integral decreased to 
7.4 f 0.7 cm (p < 0.03). The E wave velocity-time 
integral decreased markedly from 7.1 * 0.4 cm to 
at 9 weeks (p < 0.05). There was a trend toward an 
increase in relative left ventricular wall thickness, 
but this increase did not quite reach statistical 
significance (p = 0.07). Both left ventricular end-di- 
astolic and end-systolic volumes did not change over 
the study interval. The left ventricular ejection frac- 
tion was 70 f 2 % at baseline and did not change over 
the 9 weeks of study. Peak systolic wall stress was 
186 +- 13 dynes/cm3 at baseline and tended to de- 
crease over the 9 weeks, but this decrease did not 
reach statistical significance. 
The peak mitral flow velocities are summarized in 
Table III. The peak E velocity decreased significantly 
contribution of early to total left ventricular filling 
did not change throughout the study. However, as a 
result of the decrease in early filling velocities, the 
contribution of atria1 filling to total left ventricular 
diastolic filling increased significantly by 9 weeks of 
study (p < 0.02), and the velocity-time integral E/A 
ratio decreased by 9 weeks (p < 0.003). 
tween filling velocities and left ventricular structural 
changes, linear regression analyses were made be- 
tween Doppler variables and left ventricular wall 
thickness. Significant correlations were found be- 
The changes in left ventricular filling rates are 
summarized in Table V. Peak filling rate decreased 
28% (p < 0.05) at 3 weeks and decreased further at 
9 weeks (p < 0.01). Similarly, normalized filling rate 
and atria1 filling rate significantly decreased at 3 
weeks and remained depressed at 9 weeks. 
In an effort to determine potential correlations be- 
9 weeks to 32 + 2 cm/set (p < 0.05). A a result of the 
from 65 rt 5 cm/set at baseline to 53 + 4 cmhec at 3 
significant decrease in peak E velocity, the peak E/A 
weeks (p < 0.02). There was no further change in 
ratio decreased significantly, from 1.70 f 0.10 at 
baseline to 1.60 f 0.09 at 3 weeks (p < O.Ol), and de- 
peak E velocity at 9 weeks. Peak A velocity was 
creased further to 1.53 r+ 0.04 (p < 0.05) at 9 weeks. 
As illustrated in Fig. 2, the decrease in peak E/A ra- 
37 * 2 cm/set at baseline and decreased slightly by 
tio paralleled the increase in left ventricular mass 
over the 9 weeks of study. 
tween left ventricular mass and peak E velocity at 3 
weeks (F = -0.92,~ < 0.001) (Fig. 3). This correlation 
was not apparent at 9 weeks of study. Peak E/A ve- 
locity correlated with left ventricular mass at 3 weeks 
(T = -0.57, p < 0.05) but not at 9 weeks. There was 
also a significant correlation between left ventricular 
average wall thickness and peak E velocity at 3 weeks 
(F = -0.87, p < 0.01) (Fig. 4) but not at 9 weeks 
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Fig. 2. A, The ratio of the early to late peak filling (PEAK E/A) and left ventricular mass (LV MASS at 
baseline, at 3 weeks, and at 9 weeks. B, The percent change in peak E/A and left ventricular mass (LV 
MASS) over the g-week study. Note that the decrease in peak E/A parallels the increase in left ventricular 
mass. 
(F = -0.66, p = 0.08). However, there was no signifi- 
cant correlation between left ventricular mass and 
peak A or peak E/A at 3 or 9 weeks of study. 
DISCUSSION 
Our experimental model of left ventricular hyper- 
trophy induced by repeated neurogenic pressor epi- 
sodes of hindquarter compression has recently been 
reported to produce an approximate 30% increase in 
left ventricular mass,1° which is comparable to that 
of other experimental models of left ventricular hy- 
pertrophy produced by renal artery clamp or by per- 
inephritic hypertension. 15-17 This degree of hyper- 
trophy is also similar to that encountered in patients 
with chronic hypertension.18 The neurogenic model 
of left ventricular hypertrophy produces progressive 
and significant increases in left ventricular mass of 
approximately 15% by 3 weeks, and 30% by 9 
weeks.lO This neurogenic model is unique in that hy- 
pertrophy occurs despite a lack of sustained hyper- 
tension and may be in part related to sympathetic 
stimulation, as evidenced by increased norepineph- 
rine responses to the compressions.1° 
This unique experimental model has allowed us 
1764 Buda et al. 
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Fig. 3. The correlation between the peak early diastolic velocity (PEAK E) and the left ventricular mass 
(LV MASS) at 3 weeks. 
Table IV. Left ventricular diastolic velocity-time integrals Table V. Left ventricular filling rates 
Baseline Week 3 Week 9 
Total VT1 (cm) 9.4 LtI 0.7 8.1 + 0.4 7.4 Ii 0.7* 
VT1 E (cm) 7.1 * 0.4 5.6 +- 0.4t 5.1 + 0.5$ 
VT1 A (cm) 2.4 + 0.2 1.9 + 0.4 2.1 f 0.2 
VT1 E/TOT 0.75 2 0.01 0.72 k 0.02 0.69 k O.Ol* 
VT1 A/TOT 0.26 + 0.02 0.28 -t 0.03 0.31 i 0.02* 
VT1 E/A 2.9 + 0.2 2.8 2 0.3 2.3 + 0.11 
Total VTI. Total velocity-time integral; VT1 E, velocity-time integral for 
early diastolic filling period; VT1 A, velocity-time integral for atria1 diastolic 
filling period; VT1 E/TOT, contribution of early filling to total filling; VT1 
A/TOT, relative contribution of atria1 contraction to total filling; VT1 E/A. 
ratio of early to late peak filling velocity-time integrals. 
*p < 0.06 versus baseline. 
tp < 0.01 versus baseline. 
tp < 0.005 versus baseline. 
the opportunity to investigate changes in left ven- 
tricular filling, measured by Doppler echocardio- 
graphy during the course of left ventricular hyper- 
trophy development, without the confounding effect 
of sustained hypertension. We observed changes in 
left ventricular filling with left ventricular hypertro- 
phy evidenced by a decrease in peak early diastolic 
filling, a reduction in the early diastolic velocity-time 
integral, and a decreased rate of early diastolic 
deceleration. Similar changes have been noted in hy- 
Baseline Week 3 Week 9 
Peak filling rate 195 + 15 163 li- 5* 1%51 i 9t 
(ml/set) 
Normalized filling 4.7 * 03 3.8 * 1.3 3.3 Ik 0.5* 
rate (set-‘) 
Atria1 filling rate 221 I 2 181 -i 4 166 It 6 
(ml/set) 
*p < 0.05 versus baseline. 
.ip < 0.01 versus baseline. 
pertensive patients with and without left ventricular 
hypertrophy. z-6 Importantly, we noted that these 
abnormalities of diastolic left ventricular filling oc- 
curred early (by 3 weeks) in the course of left 
ventricular hypertrophy when left ventricular mass 
had increased by only 17 5%. These filling changes 
cannot be explained by changes in heart rate or load- 
ing conditions, which did not alter over this period of 
time. There were no further significant changes in left 
ventricular diastolic filling during the subsequent 6 
weeks of left ventricular hypertrophy progession, 
during which left ventricular mass increased by an 
additional 6 % . It is also interesting to note that these 
changes in filling correlated with increases in left 
ventricular mass during the initial 3 weeks but that 
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Fig. 4. The correlation between the peak early diastolic velocity (PEAK E) and the left ventricular av- 
erage (AVh’) wall thickness at 3 weeks. 
these correlations were not apparent by 9 weeks. 
These data indicate that diastolic left ventricular 
filling abnormalities are an early manifestation of left 
ventricular hypertrophy and occur at a time point 
prior to the development of marked hypertrophy. 
This may help to explain the clinical observation that 
diastolic filling abnormalities occur in hypertensive 
patients who have little or no detected left ventricu- 
lar hypertrophy.2, 3, 7, lg 
A number of clinical studies in hypertensive pa- 
tients using Doppler echocardiography2-7 or radio- 
nuclide angiographic techniques1g-21 have docu- 
mented abnormalities of left ventricular filling before 
alterations in systolic left ventricular performance. 
However, there are few data related to changes in left 
ventricular filling with changes in left ventricular 
mass. There is only one other report that has specif- 
ically examined left ventricular diastolic filling dur- 
ing progressive left ventricular hypertrophy. In that 
recent study, Douglas et a1.17 used a canine model of 
perinephritic hypertension that produced a 28% in- 
crease in left ventricular mass, similar to the degree 
of hypertrophy that we observed. They examined di- 
astolic left ventricular inflow and wall thinning vari- 
ables before and 2, 4, 8, and 12 weeks after the cre- 
ation of hypertension. In accord with our results, they 
noted diastolic filling abnormalities as early as 2 
weeks following hypertension, with impairment of 
the peak rate of wall thinning. By 4 weeks, they ob- 
served a decrease in peak E/A and an increased de- 
pendence on atria1 systolic filling. However, there 
were no significant changes noted in peak E, peak A, 
or atria1 filling fraction. In addition, they found weak 
but significant correlations between left ventricular 
mass and late velocity flow and atria1 filling fraction. 
Although our results generally agree with and con- 
firm those of Douglas et a1.,17 there are specific 
differences between our studies that deserve com- 
ment. Unlike Douglas et a1.,r7 we noted a decrease in 
peak early diastolic filling and a reduction in the early 
diastolic velocity-time integral during the develop- 
ment of hypertrophy. Moreover, we found correla- 
tions between left ventricular hypertrophy and dias- 
tolic filling at 3 weeks but not at 9 weeks. These ap- 
parent differences between our results and those of 
Douglas et a1.17 may largely by explained by the dif- 
ferences of the hypertrophy models used. The peri- 
nephritic model of Douglas et a1.17 resulted in a sus- 
tained increase in systolic blood pressure, whereas 
our neurogenic model had normal systolic blood 
pressure during the Doppler studies. Since loading 
conditions may influence left ventricular filling pat- 
terns independent of other factors,g, 22-24 this specific 
difference in the hypertrophic models may explain 
the minor differences in diastolic filling observed in 
the two studies. 
In a clinical study, Szlachcic et a1.7 examined hy- 
pertensive patients treated with diltiazem and found 
no change in left ventricular filling abnormality de- 
spite a 10% regression of left ventricular mass. This 
finding agrees with the findings of other similar 
studies.3, 7, 8 In view of our data, which demonstrate 
1766 Buda et al. 
that left ventricular filling remains abnormal despite 
minimal hypertrophy, it is possible that further 
regression of hypertrophy is necessary to demon- 
strate normalization of left ventricular filling. 
There are a number of mechanisms that may alter 
left ventricular filling in left ventricular hyper- 
trophy.’ These include increased chamber stiffness 
and alterations of left ventricular relaxation. De- 
tailed analysis of stress-strain relations has suggested 
that reduced chamber compliance is related to ven- 
tricular mass and in part to increased collagen 
content.2”-27 Although we did not specifically mea- 
sure chamber stiffness or compliance directly, the 
echocardiographically determined left ventricular 
radius-to-thickness ratio, an important determinant 
of left ventricular compliance,25T 28 tended to in- 
crease, suggesting a decrease in left ventricular com- 
pliance. In addition, the significant relationship that 
was found between alterations in left ventricular 
filling and increases in left ventricular mass further 
supports the fact that increased chamber stiffness is 
an important mechanism in alterations in diastolic 
function in left ventricular hypertrophy. Several 
other investigators 2g-31 have also observed a signifi- 
cant relationship between left ventricular filling and 
left ventricular mass in hypertensive patients, fur- 
ther supporting this hypothesis. In addition to alter- 
ations in left ventricular mass, experimental studies 
have demonstrated that the sarcoplasmic reticulum’s 
uptake of calcium may be reduced in myocardial hy- 
pertrophy, with a significant prolongation of the time 
course of the intracellular calcium transient. This 
may contribute to abnormalities of left ventricular 
filling.32, 33 Finally, left ventricular relaxation may 
also be altered on the basis of load-dependent effects, 
decreased myocardial wall stress, and changes in 
contractile state. Since we did not demonstrate 
changes in loading conditions as reflected by left 
ventricular end-diastolic volume, blood pressure, 
wall stress, or systolic performance, it is unlikely that 
these loading factors contributed significantly to the 
alterations in left ventricular filling that we observed. 
In this regard, our neurogenic model of left ventric- 
ular hypertrophy has advantages over other models 
that induce sustained hypertension, since it is well 
appreciated that alterations in loading conditions 
alone will contribute to changes in diastolic 
filling.g, 22-24 
Changes in sympathetic drive to the heart may also 
alter left ventricular filling, and this factor may be an 
important one in our neurogenic model of left ven- 
tricular hypertrophy. Sonnenblick et a1.s4 have pre- 
viously demonstrated that increased sympathetic 
drive enhances left ventricular relaxation. Since 
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there exists a close relationship between the rate of 
rapid filling and relaxation, an enhancement of the 
rate of rapid filling would be expected when sympa- 
thetic drive is accelerated. However, despite evidence 
of increased sympathetic drive in our neurogenic 
model of left ventricular hypertrophy, as demon- 
strated by increases in norepinephrine levels,1° the 
rate of left ventricular filling was decreased as hy- 
pertrophy developed, demonstrating a complex in- 
teraction of these variables. This interpretation fur- 
ther agrees with the clinical observations of Fouad et 
al 35 who found that hypertensive patients with as- 
soiiated hyperkinetic circulation had a normal left 
ventricular filling rate, as opposed to those with es- 
sential hypertension, who did not. Moreover, fl- 
blockade in hypertensive patients resulted in an ad- 
ditional reduction in the rate of left ventricular filling 
when blood pressure was unchanged,36 further sug- 
gesting that sympathetic drive may modulate left 
ventricular diastolic function. 
In conclusion, our echo-Doppler findings in a 
canine model of progressive left ventricular hyper- 
trophy support the findings in the existing clinical 
literature, which indicate that an abnormality of left 
ventricular diastolic filling occurs commonly in left 
ventricular hypertrophy. Moreover, these left ven- 
tricular filling abnormalities are evident early in the 
course of the development of left ventricular hyper- 
trophy. Although there are several contributing 
mechanisms, our data indicate that increases of my- 
ocardial mass correlate with left ventricular diastolic 
filling changes, suggesting that increasing chamber 
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